Abstract: Recent studies using sequence data from eight sequence loci and coalescent-based species delimitation methods have revealed several species-level lineages of Tulasnella associated with the orchid genera Arthrochilus, Caleana, Chiloglottis, and Drakaea in Australia. Here we formally describe three of those species, Tulasnella prima, T. secunda, and T. warcupii spp. nov., as well as an additional Tulasnella species associated with Chiloglottis growing in Sphagnum, T. sphagneti sp. nov. Species were identified by phylogenetic analyses of the ITS with up to 1.3 % sequence divergence within taxa and a minimum of 7.6 % intraspecific divergence. These new Tulasnella (Tulasnellaceae, Cantharellales) species are currently only known from orchid hosts, with each fungal species showing a strong relationship with an orchid genus. In this study, T. prima and T. sphagneti associate with Chiloglottis, while T. secunda associates with Drakaea and Caleana, and T. warcupii associates with Arthrochilus oreophilus.
INTRODUCTION
Tulasnella is a cosmopolitan saprotrophic fungal genus that often forms a mycorrhizal relationship with orchids. There are approximately 90 species epithets in Tulasnella (www.index fungorum.org) with Kirk et al. (2008) indicating that there are approximately 50 accepted species in the genus. Asexual morphs of Tulasnella were formerly referred to in Epulorhiza. In earlier studies on the genus, Warcup and Talbot (Warcup & Talbot 1967 , Warcup 1971 , 1981 were able to induce formation of basidia and basidiospores from some Australian orchid-derived cultures by placing a casing of soil over cultures on agar. However, the spore-producing tissues were often slow to form and diffuse. Indeed, sporophores could only be detected by examination under a dissecting microscope. In some cases, such as in T. calospora (Warcup & Talbot 1967) , only spores were visible above the casing soil surface. Unfortunately, subsequent studies on Tulasnella have not been able to generate basidiospore formation (Suarez et al. 2006 , Cruz et al. 2011 . For example, Ma et al. (2003) noted that "despite repeated attempts, none of the epulorhiza-like Rhizoctonia isolates produced hymenia or basidiospores on [various media] after two months". Although Warcup and Talbot (Warcup & Talbot 1967 , Warcup 1971 , Warcup & Talbot 1980 utilized morphological characters of the sporophores (such as the size and shape of basidiospores) for taxonomic treatments of Tulasnella from orchids, recent studies on the group have mostly designated operational taxonomic units (OTUs) based solely on phylogenetic analysis of DNA sequence data. Indeed, numerous molecular OTUs have been designated amongst Tulasnella associated with orchids (e.g. Smith et al. 2010 , Jacquemyn et al. 2011 , Pandey M et al. 2013 , Cruz et al. 2014 , Oja et al. 2015 or liverworts (Kottke et al. 2003 , Bidartondo & Duckett 2010 , without formally naming the species. Formal naming of the species is preferred and essential to prevent confusion of taxonomic units discovered in separate studies (Hibbett & Taylor 2013) .
Molecular OTUs within Tulasnella have been designated by two methods. First, application of a sequence divergence threshold for a barcode DNA region such as the ITS; with thresholds ranging from 3-5 % (Suarez et al. 2006 , Cruz et al. 2014 . Second, application of a multi-gene concordance analysis utilizing coalescent theory that explicitly incorporates gene tree conflicts into a model of phylogenetic history for the populations or species concerned (Yang & Rannala 2010 , Fujita et al. 2012 and utilizing a number of independent DNA loci . The second approach is more rigorous for delimiting species (Taylor et al. 2000) and the similarity within and between species delimited with coalescence can be used to calibrate the cut-off threshold used in the first method.
A study of Tulasnella isolates from Australian terrestrial orchids (Orchidaceae, tribe Diurideae, subtribe Drakaeinae) in the genera Arthrochilus, Chiloglottis, Drakaea, and Paracaleana , using eight loci analysed by a variety of methods (including phylogenies of individual loci, Bayesian coalescent based species delimitation, and population structure analysis) revealed five phylogenetic species: one associated with Chiloglottis, one with Drakaea and Paracaleana, and three with Arthrochilus (among which one was known from one isolate and another from two isolates). Analysis of the ITS alone recovered the same five phylogenetic species as well-separated and well-supported clades, revealing congruence between the widely used ITS region and the more extensive multi-locus analysis . The phylogenetic species were not formally named in Linde et al. (2014) .
Many of the orchid species associated with Tulasnella are rare or endangered (Hopper & Brown 2006) , and the association between orchid and fungus has been and continues to be the subject of much research in Australia ) and elsewhere (McCormick & Jacquemyn 2014) . For Tulasnella associated with orchids identification by use of sequences is now the norm, rather than using cultural characters or features of the sporophore. It is therefore appropriate to supply formal names to three of the phylogenetic species (each known from more than two strains) already characterised on sequence data by , along with a further phylogenetic species isolated from Chiloglottis associated with Sphagnum. After assessing information on Tulasnella from Australia, to determine if prior names exist for phylogenetic lineages, we describe four new species of Tulasnella here: T. prima and T. sphagneti spp. nov. from Chiloglottis, T. secunda sp. nov. from Drakaea and Caleana (inclusive of Paracaleana), and T. warcupii sp. nov. from Arthrochilus oreophilus.
MATERIALS AND METHODS

Fungal collections
Taxonomy of the orchid genera, which are all members of the subtribe Drakaeinae, follows Miller & Clements (2014) , who accepted the genera Arthrochilus, Caleana (inclusive of Paracaleana), Chiloglottis (inclusive of Simpliglottis), and Drakaea. Tulasnella mycorrhizal associations as identified from previous studies on associations with Australian terrestrial orchids in Arthrochilus, Caleana (as Paracaleana), Chiloglottis and Drakaea (Roche et al. 2010 , Phillips et al. 2011 , were investigated. Additionally, we treat a Tulasnella isolated from Chiloglottis aff. valida and C. turfosa growing in Sphagnum hummocks within the Kosciuszko National Park, New South Wales (Table 1) . Some Chiloglottis orchids growing in Sphagnum were not in flower at the time of collection, and are thus referred to as "Chiloglottis sp." However, based on previous studies the Chiloglottis species involved are either C. aff. valida, C. valida, or C. turfosa , Peakall & Whitehead 2014 . Literature on Tulasnella from Australia was reviewed, and this literature along with GenBank and culture collection databases: CBS (CBS-KNAW Fungal Biodiversity Centre culture collection) and MAFF (culture collection, Ministry of Agriculture, Forestry and Fisheries, Tsukuba, Ibaraki, Japan, searched via NIAS [National Institute of AgroEnvironmental Sciences] Genebank -http://www.gene.affrc. go.jp/databases-micro_search_en.ph) were searched for isolates of Tulasnella from Australia (Tables 2 and 3) .
Fungal isolation
Isolations were made within 7 d of the field collection of the plant tissue using a modified version of the protocol of Roche et al. (2010) . We used two types of isolation media to grow mycorrhizal isolates: Fungal Isolation Media (FIM; Clements & Ellyard 1979 ) and 3MN+A-Z, which is a Melin-Norkrans medium (low CN MMN) (Wright et al. 2010 ) modified with 15g/L agar and human vitamin and mineral supplements (Centrum "Balanced Formula", Wyeth Consumer Healthcare, Baulkham Hills, NSW, Australia) instead of thiamine. One Centrum tablet was dissolved in 100 mL water, filter sterilised, and 10 mL added per litre of 3 MN medium (post autoclaving). Peloton-rich tissues (collars) of orchids were washed several times with sterile distilled water after which the tissue was macerated in sterile distilled water to release pelotons, which were plated onto agar plates containing antibiotics (FIM + tetracycline 25 mg/mL, and 3MN+A-Z + streptomycin 50 mg/mL). Germinating pelotons were transferred to either FIM or 3MN+A-Z media after 3-10 d. The medium chosen depended on which the pelotons germinated. After 3-4 wk all colonies were hyphal-tipped and subcultured to ensure colonies consisted of a single genotype. Cultures were stored at 5 °C on FIM or 3MN+A-Z agar slants covered with mineral oil. Voucher specimens of the fungi, as dried-down liquid cultures, are lodged at the National Herbarium of Victoria (MEL) and ex-type cultures are stored in the culture collection of the Department of Agriculture, Victoria (VPRI).
DNA extraction, sequencing and phylogenetic analysis
Small agar blocks cut from colony edges of isolates were briefly homogenised in 2 mL screw-cap tubes containing sterilise distilled water and glass beads. The blocks were homogenised in a FP120 (Thermo Scientific, Milford, MA) homogenizer for 5 s at 5.5 m/s. Petri dishes containing either half strength FIM or 3MN+A-Z broths were inoculated with the homogenised agar blocks and incubated at room temperature (approximately 23 °C) in the dark. Mycelium was harvested, stored at -4 °C, and lyophilized prior to DNA extraction. DNA extractions of the lyophilized-mycelium were performed using Qiagen DNeasy Plant Mini Kit or DNeasy 96 Plant Kit according to the manufacturer's instructions (Amersham Biosciences, Hilden, Germany).
As previously noted, in a comprehensive evaluation of eight nuclear and mitochondrial loci, Linde et al. (2014) sequenced Tulasnella isolates from orchids in the genera Arthrochilus, Caleana (as Paracaleana), Chiloglottis, and Drakaea. That study showed that within Tulasnella a single locus, ITS (nucR ITS), revealed congruent species delimitation and phylogenetic outcomes. Therefore, for the phylogenetic analysis of additional Tulasnella isolates from Chiloglottis, we only employed ITS. ITS sequences were amplified with the primers ITS1 and ITS4 (White et al. 1990) following methods described in Roche et al. (2010) 
2010)
I M A F U N G U S Linde et al. 
V O L U M E 8 · N O . 1I M A F U N G U S Linde et al.
2010) DQ790815
*some sequences are ITS plus partial LSU. Table 3 . Tulasnella species isolated from Australian orchids by JH Warcup and PHB Talbot and other studies. Sporophore morphology was from sporophores (i.e. the "perfect state") initiated from cultures. Tulasnella species in bold were newly described by Warcup and Talbot. Orchid genera in Drakaeinae are given in bold. References do not include publications where original isolates of Warcup were later sequenced (as cited in Table 2 ). Unpublished observations derive from sequences in GenBank as detailed in (Warcup & Talbot 1967 , Warcup 1971 , 1973 , 1981 Disa, Diuris, Microtis sequence (Bougoure et al. 2005) T. cruciata Acianthus, Chiloglottis, Thelymitra sporophore morphology (Warcup & Talbot 1971 , Warcup 1973 , 1981 )
T. deliquescens [as Epulorhiza repens]
Acianthus, Microtis culture morphology T. irregularis Dendrobium sporophore morphology also as Tulasnella sp. 1, isolate 0632 (Warcup 1973 ); see Warcup & Talbot (1980) (Warcup & Talbot 1980 , Warcup 1981 T. violea Drakaea culture morphology (Warcup 1981) Thelymitra sporophore morphology (Warcup & Talbot 1971 , Warcup 1973 
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ClustalW followed by manual adjustments to optimise indel locations. Sequences for phylogenetic analysis included representatives of species-level clades in one of the two main subclades of phylogenetic group IV of the phylogeny of Tulasnella constructed by Cruz et al. (2011) . This subclade contains Tulasnella sp. ECU 6 and T. eichleriana. To these sequences were added a selection of previously sequenced isolates from Australian orchids (Table 1) representing the phylogenetic breadth of the OTUs identified by Linde et al. (2014) along with new sequences from Chiloglottis associated with Sphagnum (Table 1) . BLAST matches were carried out for representative sequences of putative OTUs from Australian orchids from our analysis to recover related sequences in GenBank. Phylogenies were estimated using Bayesian inference with MrBayes v. 3.1.2 (Ronquist & Huelsenbeck 2003) and maximum likelihood (ML) analysis through the RAxML Blackbox (Stamatakis et al. 2008) . Support for the nodes was assessed with Bayesian Posterior Probabilities (BPP) in MrBayes and for ML trees using 1000 pseudoreplicates of nonparametric bootstrapping. A GTR+G substitution model was used for all analyses as other models are nested within these. Trees were visualised using FigTree v. 1.4.3 (http://tree.bio.ed.ac.uk/software/ figtree/) and rooted to Tulasnella eichleriana sequences. Trees include identical sequences from different isolates; however the identical sequences were removed when nodes support was assessed. Pairwise sequence divergence of the ITS sequences within and among lineages were estimated with the Kimura-2-parameter distances with gap deletion in MEGA5 (Tamura et al. 2011) .
RESULTS
Tulasnella species from Australian orchids
In placing formal names on phylogenetic species of Tulasnella, it is necessary to consider any names from previous work on the genus. Essentially, type specimens (that anchor names) need to be placed into the phylogenetic framework. However, given the lack of diagnostic morphological characters for recently isolated strains, a significant issue is whether types or suitable reference material exists and if sequence data are available for that material. Three species of Tulasnella have been described from Australian orchids: T. cruciata, originally from Acianthus and Dendrobium; T. irregularis from Dendrobium; and T. asymmetrica originally from Thelymitra. May et al. (2003) collated records of Tulasnella from all sources from Australia, including reports of a further four species: Tulasnella allantospora, T. calospora, T. deliquescens, and T. violea. According to Roberts (1994) , T. asymmetrica was morphologically indistinguishable from T. pinicola, and was listed by Roberts (1999) as a synonym of the latter species. Furthermore, Roberts (1999) noted that the Australian report of T. allantospora by Warcup & Talbot (1971) was possibly misidentified, and might represent T. rubropallens; and T. calospora in the sense of Warcup & Talbot (1967) was deemed to be T. deliquescens. In making redispositions of Australian Tulasnella names, Roberts (1999) noted that he had not examined type material or voucher collections for reports by Warcup & Talbot (1967 , 1971 of T. allantospora and T. calospora. Indeed, type material of T. cruciata or T. irregularis could not be located in ADW (Roberts 1999) , and although the type of T. asymmetrica is listed by Roberts (1999) as housed at ADW, it was not examined. Warcup's collections were originally in ADW and subsequently transferred to AD (macrofungi) and DAR (microfungi). There are ex-type cultures of T. asymmetrica (Warcup 085, MAFF 305806) and T. irregularis (Warcup 0632, CBS 574 .83 = JCM 9996), but apparently none of T. cruciata.
Tulasnella isolates have been obtained from 21 terrestrial orchid genera and one lithophytic/epiphytic orchid genus (Dendrobium) in Australia (Table 3) (Warcup & Talbot 1967 , 1971 , 1980 , Warcup 1971 , 1973 , 1981 . For the genera Arthrochilus, Caleana (or from Paracaleana, under which name Caleana was formerly placed), Chiloglottis, and Drakaea that were the source of the apparently novel phylogenetic species delimited by Linde et al. (2014) , the only previous reports are of unidentified Tulasnella isolates. An exception is a report of Tulasnella violea from Drakaea, identified only from cultural characteristics (Warcup 1981) . However, for Chiloglottis there are reports of T. allantospora, T. asymmetrica, T. cruciata and also an unidentified species (Warcup 1973 (Warcup , 1981 . For the two Tulasnella species described from Australia (T. asymmetrica and T. cruciata), the types are from other orchid genera, and the isolates of these two species from Chiloglottis were collected after the species were described.
Phylogenetic analysis of isolates from Arthrochilus, Caleana, Chiloglottis, and Drakaea
GenBank BLAST searches using query ITS sequences of Tulasnella isolates in this study revealed these sequences were related to T. eichleriana, T. tomaculum, and two Tulasnella lineages (ECU 5 and ECU 6) isolated from decaying branches in Ecuador. Representative sequences of these four lineages were added to the 72 fungal sequences from the Australian orchid genera Arthrochilus, Chiloglottis, Drakaea, and Caleana. The resulting phylogram show high bootstrap (100 %) and posterior probability (1) support for the three phylogenetic species of Tulasnella from (a) Arthrochilus oreophilus, (b) Chiloglottis, and (c) Drakaea and Caleana, that had previously been delimited on multi-gene data by . Further sequences from Chiloglottis (exclusively associated with Chiloglottis growing in Sphagnum) formed a well-separated clade, sister to the other sequences from Chiloglottis (Fig. 1) . ITS sequences from the ex-type culture of T. asymmetrica fall outside of the clades depicted in Fig.  1 , as do all other sequences from Australian orchids (data not shown) with the exception of HQ386778, HQ386743 and JX138567 from Drakaea, that fell within the clade of isolates from Drakaea and Caleana and JN015192 from an Australian terrestrial orchid that is sister to the two clades consisting of isolates from Chiloglottis. A number of additional sequences from Drakaea (Phillips et al. 2011) all cluster within the clade from Drakaea with 100% bootstrap support. Those matching sequences were subsequently excluded from the final analysis. The LSU sequence from the ex-type culture of T. irregularis is only distantly related to LSU sequences New orchid associated Tulasnella species
from Australian isolates of Tulasnella from Arthrochilus, Chiloglottis, Drakaea, and Caleana (data not shown).
The percentage sequence divergence between the two lineages from Chiloglottis was 6.3 %. Sequence divergence between all other Australian Tulasnella lineages and close relatives ranged from 9.8-20.6 % ( Table 4 ). The natural ITS barcode gap between all Tulasnella lineages studied here is between 4-6 % sequence divergence (Fig. 2) .
Recognition of novel taxa
Support for three of the novel taxa was high across the eight loci analysed by Linde et al. (2014) (Table 5 ) and all clades had long subtending basal stems in the phylogenies generated. Base-pair differences and their positions for each lineage are given in Table 6 . Therefore we conclude that each can be regarded as a well-supported phylogenetic species. The additional clade consisting of isolates from Chiloglottis associated with Sphagnum was also well-supported in the ITS tree ( Fig. 1 ) and well-separated from the sister clade, above the divergence established between the three phylogenetic species delimited on multi-locus concordance, and is therefore recognised as a fourth phylogenetic species.
None of the clades for these four phylogenetic species contain sequences from material of Tulasnella previously described from Australia, or indeed any other sequences of described species in GenBank. In addition, the ITS sequences from ex-type cultures of T. asymmetrica and T. irregularis do not cluster with or are close to any of the four phylogenetic species described here. Therefore, we conclude that these four phylogenetic species are previously unrecognized, and consequently they are formally described below. Two further putative new phylogenetic species (Tulasnella sp. Arthrochilus II and Tulasnella sp. Arthrochilus III) ) that were represented by only two and one isolates respectively, are not formally described here pending discovery of further isolates. Previous morphology-based identifications of various Tulasnella species from hosts in Drakaeinae (Table  3) will all need to be re-visited and confirmed with sequence data, if voucher specimens or cultures still exist.
Here we diagnose the new species on the basis of both sequence-based synapomorphies and clade-based definitions from molecular phylogenies (Hibbett et al. 2011 , Renner 2016 . This is because it is not possible to be certain as to which morphological characters are actually diagnostic. In time, certain morphological features may turn out to be unique for particular taxa, but this can only be known if morphological data are comprehensive across known species of the genus. In addition, it is sequence data that are routinely used to identify isolates of Tulasnella, and hence we are providing both rigorous species delimitation and the means to identify further isolates with certainty. Therefore, our descriptions of the morphology of cultures and of hyphal characters are provided for completeness, rather than as species characteristics. Table 4 . Within host group and between host group Kimura -2P distances for Tulasnella as calculated from ITS. All positions containing gaps and missing data were eliminated. There were a total of 601 positions in the final dataset.
Within taxa T. prima T. sphagneti T. warcupii T. secunda T. tomaculum T. eichleriana T. ECU5
Tulasnella prima 1.2 ± 0.3 Tulasnella sphagneti 0.1 ± 0.1 6.3 ± 1.0
Tulasnella warcupii 3.8 ± 0.4 18.1 ± 1.7 16.7 ± 1.6
Tulasnella secunda 0.2 ± 0.1 14.8 ± 1.6 15.1 ± 1.5 13.9 ± 1.5
Tulasnella tomaculum 0 15.6 ± 1.6 13.3 ± 1.5 11.6 ± 1.3 9.8 ± 1.3
Tulasnella eichleriana 2.2 ± 0.6 15.4 ± 1.6 15.1 ± 1.6 15.0 ± 1.5 12.7 ± 1.5 11.4 ± 1.4
Tulasnella ECU5
0.2 ± 0.2 15.2 ± 1.6 13.8 ± 1.6 14.9 ± 1.6 14.3 ± 1.7 10.5 ± 1.4 11.2 ± 1.4
Tulasnella ECU6 1.5 ±0.5 20.6 ± 2.0 18.3 ± 1.9 17.6 ± 1.7 18.6 ± 1.9 14.6 ± 1.6 17.0 ± 1.7 14.5 ± 1.6 Fig. 2 . Barcode gap; percentage sequence divergence among Tulasnella isolates. The vertical arrow indicates the ~3 dataset. 
Clade-based diagnosis:
The least inclusive clade in the ITS phylogeny in Fig. 1 given by the most common basepair/alternative basepair. of Tulasnella fungi associates with a large number of orchid species across a vast geographic range. The pattern of one fungal species to many orchid species appears to be in stark contrast to studies of orchid-mycorrhizal interactions outside Australia, which have consistently found a number of mycorrhizal OTUs associating with sympatric as well as allopatric orchid congeners (Jacquemyn et al 2015) . For example, 15 OTUs from Tulasnellaceae were associated with four species of Anacamptis orchids. Of those 15 OTUs, 13 associated with seven species of Ophrys and two Orchis species, whereas nine OTUs associated with three Serapias species (Pellegrino et al. 2014) . The high diversity of Tulasnella was such that within sites up to 15 OTUs were co-occurring and 85 % of plants associated with more than three different OTUs (Pellegrino et al. 2014) . A corresponding result was found along a single 1000 m transect with the same orchid genera where 16 Tulasnellaceae OTUs were recovered for 20 species of orchids (Jacquemyn et al. 2015) . The same pattern is found in Andean tropical rainforests where up to six Tulasnella OTUs may associate with Stelis orchid species and Pleurothallis lilijae (Suarez et al. 2006 , Kotte et al. 2008 . Consistent among these studies and ours, is the finding that multiple species of an orchid genus can share the same fungal OTU. However, the ability to germinate orchid seed was not shown in other studies, making it difficult to ascertain the real mycorrhizal diversity associating with the orchids.
Our description of four new species of Tulasnella, all associated with Australian orchids, extends the number of formally described species known as mycorrhizal agents of orchids. However, it is evident that more Tulasnella species await DNA analysis and formal description. For example, previous studies on Tulasnella ITS diversity associated with Diuris orchids have uncovered a large number of OTUs , likely to represent many undescribed Tulasnella species. It is further evident that earlier morphologically based studies by Warcup and co-workers prior to the advent of DNA sequencing grossly underestimated the Tulasnella species diversity associated with orchids in Australia.
Although Tulasnella is most commonly detected in association with orchids, orchids are not essential for Tulasnella existence. To understand issues such as the ecology, habitat, and geographic range of these fungi, it is essential to develop detection methods that are independent of the orchid, such as a metagenomic approach. This may not only uncover further Tulasnella diversity, but will also shed light on the lives of these fungi independent of orchids.
